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ABSTRACT 

The inhibition of translation which is observed after shifting 
Escherichia col.i to low temperature was investigated, 70 S ribosomes which 
were isolated from E, coli 8 hours a iter a chi.it to 5 C synthesised protein 
in the absence of added mRMA (i.e., endogenous protein synthesis by 70 S 
monoisomcc) at a rate which was three times greater than the rate of endogenous 
protein synthesis by 70 5 ribosomes which were isolated at the time of the 
shift to 5 (!. Calculations based on the rates of endogenous protein synthesis 
and polyphonylalanino synthesis indicate that 70 S monocomes comprise only 
0.1% of the total E , coli 70 S ribosome population after 8 hours at 15 C. 
Experiments designed to test initiation complex formation on ApUpG or 
formaldehyde treated ns -2 viral RNA demonstrated that, although the rate 
of formation of 30 S initiation complexes was not inhibited, the rate of 
formation of active 70 S initiation complexes, able to react with puromycin, 
was inhibited to a great extent at 5 C. A model depicting the effects of 
Low temperature on the J^, coli translation system is proposed, 


IllTRODUt.TIOH 


Thcv minimum temperature which permits the growth of E scherichia coll 
in in the vicinity of 7.8 C (25). A number of reports concerning the 
effects of low temperature (near 0 G) on translation by coll in vivo 
(1,5,6,7,11,12) and poly-U directed In vitro (5,28) protein synthesizing 
nyotems have linked the inability of this organism to grow to the inability 
to synthesize protein at temperatures below 7.0 0. Dan and’ Goldstein (7) 
reported that after shifting 15. coll from 37 to 0 C, protein synthesis 
proceeded at a slowly decreasin'; rote for a period of 4 hours, while RNA 
synthesis continued at a linear rate over the name period. They inferred 
from this and other data that initiation of translation was blocked at 0 C, 
apd, therefore, polypcptido elongation could continue only until, the ribosomes 
ran off the mRNA. In addition, it has been demonstrated that incubation of 
E. coli at temperatures below 8 C results. in polysome runoff (5-7,8,11) and 
the accumulation of 70 s ribosomes (5,6,7)’, Anderson (1) investigated the 
kinetics of JJ-galnctosicIqsc synthesis by 15. co Li at 5 C and concluded that 
transfer to 5 C resulted in either a partial inhibition of initiation of lac 
translation or intraoistronic polarity (due to increased rates of endonucleolytic 
cleavages) for mUliAs coding for large polypeptides. 

In a recent study, we (5) investigated the effects of low temperature 
on in vivo and natural mRNA directed in vitro protein synthesis by 15. coll 
and Pseudomonas fluorcscen s . Those studies demonstrated that initiation 
of translation proceeded at predictable rates in J\ fluorcscens , but was 
blocked in J3. c oli at low temperature, resulting in polysome runoff and the 
accumulation of 70 S ribosome! particles. A portion of the 70 S ribosome 
population which accumulated in E_. coli at 5 G were shown to be 70 S mono- 
somes (i.c,, 70 S ribosomes with associated mRMA) . Based on our data anti 


on the data of others (1,6,7,11,12,28), we postulated that these 70 s 
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monosomeo resulted from on inhibition of initiation of translation at 5 C, 
and further, that Limy comprised a minor fraction of the 70 S ribosome 
population in !5 C incubated K. coll . 

Vfc report hare the results of experiments designed to determine to 
what degree 70 S monosomes accumulate in E. coli nt 5 C. T.n addition, in_ vitro 
experiments which tent specific oyents involved in initiation complex formation 
at 5 C arc reported and demonstrate that the low temperature inhibition of 
initiation of translation resides at the level of 70 S initiation complex 


formation , 


l\ 


ORIGINAL PAGE IS 
MATERIALS AMD JjKTJIpDS. POOR QUALITY 

Bacterial strains and growth conditions, Escherichia coli K-12 streptomycin 
sensitive, B-gnlnctooidanc mul pc mien sc constitutive) obtained from Dr, C. 
Iturwitz , veterans Administration Hospital, Albany, HY, was grown and maintained 
as described previously (5) . 

Preparation of riljoaomes, Initiation factors, N-foriiiyl-(3n)“methlonyl“tlUlA . 
and formaldehyde treated MS -2 RMA . 

S-30 cell extracts wore prepared by centrifugation of E. coli lysates 
at 30,000 x g as described previously (5). Crude ribosomes wore prepared 
by centrifugation of the S-30 extracts at 159,000 x g for 2 hours, The 
resulting supernatant (S-100) was dialyzed against buffer A (10 mM Trio- 
1IC1 pll 7.6, 3.5 mM magnesium acetate, 60 mM Nil/, Cl, and 6 mil 2-mcrcnptoethanol) 
and stored in liquid nitrogen. The ribosomes ware washed twice with buffer 
13 (10 mil Tris-lICl pit 7.6, 5 mil magnesium acetate, 1 M HlI/ ( Cl, and 6 mM 2-uicr- 
captoethanol) , resuspended in and dialyzed against buffer A, centrifuged 
at 30,000 x g for 20 minutes, end stored in liquid nitrogen. 

For the preparation of ribosomnl subunits, the crude ribor.omal pcl.J.et 
was resuspended in buffer C (similar to buffer A, but containing 1 ml! magnesium 
acetate), layered on 15-30* sucrose gradients (prepared in buffer C), and 
spun at 27,000 rpm for 18 hours in a Spinco GU 27 Ti rotor at 0 C. The 30 
and 50 S peaks were collected and pel.Lctcd as described previously (5) and 
stored in liquid nitrogen. 

Crude initiation factor preparations were obtained from the 1 M Mil/, cl. 
ribosomnl wash. The washes wore combined, dialyzed against buffer A, con- 
centrated by iyopliylisation , and stored in liquid nitrogen, 

N-formyl-(2|l)-mctluonyl-tRNAgwas prepared by incubation of 10 A26O units 
of LRNA (N-formyl.methianinc specific), 2 g moles Trls ATP, ‘5 p, moles phospho- 
anol pyruvate, 100 j|g pyruvate kinase, 180 n moles (3]i) -methionine (15 Ci/nmiolo), 


150 it, p, loucovorin, and 0.3 ml of S-J*lQ In 1,5 min of buffor (which contained 
20 mM Tv in -HCt r>II 7.G, fl mM magnesium acetate, 72 mM mi/,Cl, and 6 mil 2-mer- 
captoctlumoJ ) Ccu* 15 minutes at 37 C, The i,UtlA was isolated from the reaction 
mixture by phenol extraction, precipitated twice with ethanol, dialyzed 
.against 0,1 mil T5I7TA , nnd stored at -20 C, 

HS-2 phage HKA was treated with formaldehyde no previously vapor tod (5), 
Hilllpovo filter nanny Cor initintlon complex formation . The binding of 
N-fomyl-^lO-mothionyl-tlU’IAf to ribosomes was determined by the filter 
nssny described by 1,’ircnbcrg end Ledor (21), Reaction mixtures (50 gl), which 
contained 1 A^q unit of ribosomes or 0,5 A 2 GO units of 30 S subunits, 50 pinoles 
of H-formyl-( 3 H)-methionyl-tRNAj-, 0.2 pmoles Trio -GIT, 150 , t g crude initiation 
factor preparation, 0.05 A ?< gq units odcnylyl (3 V3 ') uridy lyl(3 4 5 1 ) guanosine 
(ApUpG) or' 20 gg US-2 UNA , 2% glycerol (w/v), 50 nil Tris-llCl pi! 7.6, 150 laM 
H11/|C1, 3.5 inji magnesium acetate, and 6 mM 2-mercaptoetlumol wore incubated 
at 37 or 5 C. The reactions were stopped at the appropriate times by the 
addition of 2 mis of ice cold buffer A and wore subsequently filtered on 
nitrocellulose filters (0.AS pm pore size, nillipore Corp., Bedford, MA). 

The filters were washed twice with ice cold buffer A and dried at 90 G in 
scintillation vials. Six mis of a toluene based scintillation cocktail 
(Gmnifluor, Mew England Nuclear, Boston HA) was added to aach vial and the 
radioactivity determined by an Intcvtochniquc SI, -30 liquid scintillation 
counter at about 35% efficiency, 

Assay for H- formyl- ( 3 1I) -mcthionyl-puromycin . The reaction mixtures described 
above were incubated at 37 or J C for 15 minutes nnd then chilled on ice for 
2 minutes, puromycin (50 ,;,g) was . then added and the reaction mixtures were 
returned to the test temperatures. At various times samples (8 ,i.l) were 
rapidly added to 1 ml of 0.1 M sodium acetate, pH 5.5* and M-formylmeUhionyl- 


puromycin was extracted by ethylacetatc as described by Lcder and Bursxtyn (19). 


ORIGINAL PAGE 13 
OF POOR QUALITY 




Analysis of in it: l.K, L on complex form d: Lon by sucr o se g ra dient centr ifugat ion. 
Reaction mixtures Tor initiation complex formation (J,00 g,!,) worn in- 
cubated at 37 or 3 C for the appropriate. times (indicated in the text) and 
then fixed with an equal volume of ?.?, glutaroldchydc in buffer A (27). 

The samp lor. wore then layered on 15 to 307. sucrose gradients (made up in 
buffer A) and centrifuged at 40,000 rpm for 6 hours at 0 c in ii SW 41 rotor. 
The bottoms of the tubes were pierced, the contents of the tubes pumped 
through a flow cell, and absorbance monitored at 260 nm by a Gilford 2000 
spectrophotometer, Fractions (6 drops) wore collected in vials, 6 mis of 
Triton X-10Q Omnifluor mixture (1:2) were added, and the radioactivity 
determined as described above (207, counting efficiency), sedimentation 
values were approximated by the method of McEwon (20), 

Isolation and in vitro testing of 70 S particles . El, co I. i was grown to mid- 
log phase at 37 C in 1.5 liters of nutrient broth, rapidly shifted to 5 C, 
and incubated at 5 C in a reciprocating water bath shaker. This treatment 
results in polysome runoff within 30 minutes (5). Samples (500 ml) were 
taken after 15 minutes, 1 hour, and g hours of incubation at 5 C, the cells 
harvested, and crude ribosome and s-100 fractions prepared an described 
above. The ribosomnl pellets from each sample were resuspended in 1 ml 
of buffer D (identical to buffer A but containing 10 mil rather than 3,5 mil 
magnesium acetate), layered on 15 to 307 sucrose gradients (prepared in 
buffer D) and spun at 27,000 rpm for 12 hours at 0 c in a Spinco SW 27 Ti 
rotor, The bottoms of the tubes were pierced and the contents analyzed 
as described above. The 70 S peaks from each sample were collected, diluted 
3 Told With buffer C, and pelleted by spinning at 40,000 rpm for 5 hours at 
0 C in a Spinco Type 42.1 rotor, Each pellet was resuspended in buffer D 
at a final concentration of 10 mg/ml and tested immediately for the ability 
to synthesize protein with and without added mRNA (poly-U) at 25 C, 


Incorporation of (3{l) -amino ocido Into protein l>y these 70 S particles 
was tested at 25 C ns reported previously (3). The reaction mixture (50 ,,1) 
contained 50 mM Tria-HCIl pH 7.6, 60 mil Nil Cl, 6.5 nil magnesium acetate, 6 nil 
2-morcnptoothnnoL, 1 nil tris-ATP, 1 nil magnesium-ATP, 0,05 nil Tria-GXl’, 5 nil 
phosphoenoi-pyruvntc, 5 ug pyruvate kinase, 20 !; g URNA, 0,0?. nil (each) 
amino acid mix, 0.05 mM each oi asparagine, glutamine, cyotine, methionine, 
and tryptophan, 20 |j,g MS-2 RNA, 60 (tR 70 S riliosomca, and 0.2 volumoa of 
S-100. To initiate the reactions 70 S particles plus S-100. were added to 
the reaction mixture (final ribosome concentration wo a 1.2 'mg/ml). Samples 
(5 i;.l)> taken at 2 minute intervals, were added to 2 mis of 5% trichloroacetic 
acid (TCA) and processed aa described previously (5). Incorporation of 
( ll) -phenylalanine into polyphony lalmiinc was monitored by a similar method 
with the following modifications i (1) (^11) and (*H) -amino acid3 were replaced 
by 0.02 ml I (HO-phenylalaninc and 1 ... c i (^li)-phanylalanina (15 Ci/mmolo); (2) 
the magnesium acetate concentration was raised to 16 mM, and; (3) MS-2 RNA 
wau replaced by 15 ijg oi polyuridylic acid (poly-U). Rates of in vitro 
protein synthesis were calculated from the amino acid incorporation vs time 
plots (i.o., amino acids incorporated into TCA ptccipitoblc materinl/minute/mg 
70 particles, 

Assay lor in vitro incorporation oil N-fonnyl-C^iQ -methionine into proLcin , 
Reaction mixtures (3.00 p.l), which contained 50 mil Tris-HCl pH 7.6, 60 mM 
Nil/ Cl, 6,5 mil magnesium acetate, 6 ml! 2-mcrcaptoethanol , 1 mM Tris-ATP, 

1 mil magncsium-ATP , 0,05 mM Tris-GTP, 3 mil phonphocnol pyruvate, J.0 p,g pyruvate 
kinase, 0.05 mM (each) (■*•]!) -amino acids, 40 pg formaldehyde treated MG-?. RMA, 
150 p,g crude initiation factors, 40 (1 g fcRHA, 150 ribosomes, 0.3 volumes 
S-100, and 50 pmolcs H-formyl-(^l|)-methionyl-tRNAj- were incubated at 34 C. 

After 3 minutes a portion was shifted to 5 C. Samples (3 p,l) were taken at 
rcgul.ar intervals from both the 34 and 5 C incubated reactions and added 



La 2 mis of ice cp It* TO A which ctmLlnod 50 s . ■; of bovine so run albumin. 


Tim samples were Chon processed and t.ho amount of hoc T(JA precipitable 
radioactivity doLonninod an previously described (5), 

Chomicnlo an d ronncnts . pol.yurJ.dyU ■■? acid , phonphoenol. pyruvate (mono- 
potassium salt), ndonosj.no 5' -triphosphate (‘ft* is nait), r.unnosino 5' tri- 
phosphate (Trig poll;, typo VI), pyruvate kina/m, pummycin dihydrochloride, 
adcnylyl(3 1 5') uridylyL (3 1 5') "tin no sine , and CHiiA,. (N -formyl -methionine 

specific) were obtained from Hip, mo fjhemicai co., St, J.otiis, HO. (3||) -phenyl- 
alanine (13,5 Ci /mmole) nnd ^ll-lobolcd amino acid mix (1 m Ci/ml) were 
obtained from Mew Ragland. Corp. , Boston, HA. MS-2 viral UNA was obtained 
from (tiler, Research products , Rlkhart, lit, ulcrapurc sucrose was obtained 
from Schwnrtx-Maim, orange burn, NY. All other chemicals used were of reagent 
grade . 


ORIGINAL PAGE Jfi 
OF FGOR QUA/ IT? 


ORIGINAL*^* 

RESULTS OF POOH 

In vitro t.rnnslat Ion by 70 ;; parti cl es which accumul at,*! I n U , c o ll at 3 G. 

In n previous report (5) we dcmououNiied that at least some of the 70 
particles which accumulate in 13. col i_ at 5 C were capable of synthesizing 
protein i_n vitro in the absence of an added source of exogenous tnRMA. 

Those particles with tills anility were termed 70 s monosomos (i.o,, 70 S 
particles with tnUHA associated with them, in contrast to tree 70 p couples), 
and, we suggested that their accumulation was the result of low temperature 
inhibition of initiation of translation, 


In an attompt to determine to what decree 70 S mononomea accumulated 
in £• SHii t!t 5 C (relative to the total 70 S ribosome population), 70 K 
ribosomol particles were isolated at various times after a shift from 37 
to 5 C and were tested for the ability to synthesize protein in the absence 
of an added source of exogenous mRtlA (i.o, endogenous protein synthesis by 
70 S mo no sornes , 3) and for thou* potential' ability to synthesize protein 
(measured by rates of polyphcnylnlanine synthesis) an can be seen in Table I, 
the rate of endogenous protein synthesis by 70 S particles isolated from B, 
coll 8 hours after transfer to 5 c was 3 fold greater titan the rate of en- 
dogenous protein synthesis by 70 fj particles isolated 15 minutes after the 
shift to 5 G. The potential ability of those 70 fi particles to synthesize 
protein (l.c., poLyphcnyluUininc) increased only slightly over this same 
period. If 70 S tnonoaomes had accumulated in B. coll at 5 C such that they 
constituted a large percentage of the 70 ribosome population, the number of 
ribosomes available for polyphony lalnnino synthesis, and hence, the rate -of 
poLyphcnylalanine synthesis (per mg 70 S particles) would have decreased 
prc.cipitously since the rates of protein synthesis in these systems have 
been shown to be linear functions of ribosome concentration (5,22). There- 
fore, based on the relative rates of polyphony lalnnino and endogenous protein 
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uynthooifl by the 70 S particles, we have ontirontcd cli.it after » hours at 
5 C only 0.1% (or, about t in OuO, mi C.ibto J) of the n, cull VO fj ribo- 
some population were 70 s mononoi i«s, 

In v itro incorp oration of N“fotm yl-(Nl) -methionine into protein :it 5 c, 

Tn a previous report (3) wo hove sho rn, using natural mlifiA dLrocted R. coll 
coll extract protein synuhealBinj; systems , that, although polypeptide 
elongation was able to proceed at prndlcnbio rates, initiation of translation 
was blocked at 5 and 0 C. To toot initiation of translation directly, experi- 
ments were done to determine if MS-2 RNA directed R, coU cell extract protein 
synthesizing systems were capable of incorporating radio Lalic Led ;;-lormyl- 
methlonlno into protein (hot TCAprecipiLnblenntorinl) after shifts from 
34 to 5 G (see figure 1). At 34 C, labeled N-formyl-methionlno was incorp- 
orated into protein at a linear rate for at least 10 minutes, whereas, when 
part of the reaction mixture was shifted to 3 C (after 3 minutes at 34 C) 
a ncgligiuie rate of incorporation of w- formyl “methionine into protein was 
observed (l.c t , less than 1% of the 34 C rate). Those results, taken in 
conjunction with our previously roporeod results (3) indicate that initiation 
of translation is blocked at 5 0. 

The effect of lo w temperatu r e on In v itro initiati on complex fo filiati on . 

Wo utilised the filter binding assay (21) to lest initiation (i.e. 30 I? 
initiation complex formation, see reference 77 for a review) on various 
sources of AuO (mt'NA) codons at 5 fi (see table 2), when MS-2 UNA was the 
source of the initiation codons for these studios, initiation complex for- 
mation (filter binding activity) was observed at 37 C but not at 25 or 5 G, 
These results, consistent with those of others (ID, 2b), may be attributed 
to increased tertiary structure of phage lUIAs (in general) at temperatures 
below 30 C (l'J). Treatment with formaldehyde reduces the amount of phage RNA 
tertiary structure, allowing all of the initiation codons within the RNA to 
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bo available Cox* initiation at 30 C and be lot/ (19). When tonriii Idchytlc* 
trentod Ufi-2 HI IA war. utilised an a nmreo ui initiation cpdonn, ineruaued 
levels of initiation complex formation wefts observed at ail temperatures. 

The 3 fold stimulation at 37 G (compared to non -formaldehyde treated JJS“2 
RUA) supported tint contention LhaU the formaldehyde treatment relieved the 
RtlA tertiary structure and exposed more initiation niton. A 53% decrease 
in activity wen observed nt 5 C (relative to 3/ or 25 C) in thin system. 

When ApUpG was the source of initiation codons in tnis reaction, eliminatin'', 
the possibility of any effects dec to RHA tertiary structure, a slip, 1st 
ntimulation of initiation complex formation, (relative to 37 or 23 C) wan 
observed at 3 (!, Activities similar Lo those shown without ApUpG were 
obeerved when initiation factors or ribosomes wore omitted iron tho reaction 
mixture (date a<’ .shown). 

Figure 2 shows the kinetics of initiation complex formation (measured 
by the filter binding assay) at 37 and 5 G on formaldehyde treated 
RHA and on AplIpO. The rate of initiation complex formation (i.c,, pi, soles 
filter retainable H-formyl-(3j|)-moLhionyl-tP,HAy produccd/minutc) by formal- 
eVayde trea'ted M3-2 RNA directed systems, nt 5 G was approximately 127, of 
the rate of 37 C (figure 2 A). However , the rate of ApUpG directed init- 
iation complex formation was not inhibited nt f c whan either washed ribo- 
somes (figure 2 0) or 30 S subunits were used (figure 3 C). Those results 
indicate that; (i) the inhibition of formaldehyde Lveated fiS-2 RHA directed 
initiation complex formation nt 5 C may have been due to the effects of 
increased RNA tertiary structure on ribosome recognition of and (or) binding 
to initiation sites, and; (ii) the rata of formation of an Apllpc? dependent 
30 S initiation complex, stable on nitrocellulose filters, was uninhibited 
at 3 C. 

To determine tho effect of 5 C incubation on the formation of 70 



initiation complexon, motion miKtairen , liui limit'd m 3/ or b (!, wore lined 
with 1% rtlutiifrthlnhytUi (to a tab lire them durian hijih it peed com rlfiuiation, 


6,l!i,?.7 , 33), ami nnaLyeod by nuoVt.t.e. nmdioni cent riln tJ at ion. Tin* ixn-ultn 
oil an experiment tentim; lormaUlohytlo t vent ml lit!-?, UNA directed 70 !i iuU » 
lntion complex formation at 3/ and b 0 nvo nhown in l inure 3, Altov lb 
mimilon at 3/ 0 a broad peak of vadioae.tivUy in the 70 {5 re r ion (t;in;;lo 
70 s initiation comp l oxen) nml a relatively minor peak in Lite l?,n f? lop.ion 
(two ov move /u :i initiation comp tenon per UNA molecule) wove evident, in 
eonivniit. to tliJ.ii> inclination oi thin ryctemat b G tot lb minutea reunited 
in minimal neeuwulnt ion label. in tlio 70 nml 1110 R ro;*iun, 30 R initiat ion 
comploxen (i.n, , poaUn of vml inactivity In the 30-'i0 R voj;innn , 31,3:1) were 
not roooJvml in them* nradiont proiilen; t ho.se eomploxen wove either unstable 
in theao nradioutn (in oplte of p.lutavaldohyde fixation), and (ov) they wove 
partially manned by l ho. Larne iiwountu of rmlioAct ivlty, duo to unbonml M« 
Ionnyl-( 'lO-melliienyl-tllMAj , at the top ol l)m nradienla, Similar experi- 
mento ten Linn ApNpG diroe. Led 70 S initiation complex i munition v-ov done 
and the voimltn are .shown in I inure A, A predominant peak ol label vms 
evident in the. 70 R r up, ion at Lor only b minutes at 3/ u (lie, nvo AA-C) wbei-e.iu, 
at b G (1 Inure AIM’) radioactivity acmmiulaLml in the 70 ll vet; 1 oil at a much 
a lower rate, Calculation:; baaed on Lhooo daia (aveai; under peak;;) indicate 
that the rate oi i'ovmation at tlUHm 70 i! initiation comp L exon at b G was 
approximately 1 to 37, oi the vote ol. 37 C. 

The 70 S initiation complex catalysed formation of N-lormyl-mt* thienyl* 
puromyoin can be used an a memiuve of tbe ability oi 70 s initiation coni- 
ptexQfi to oalaiyno peptide bond formation and, I bun an a tm'.tj.ui o of -the 
number of complete 70 R initiation eomploxep in the ay atom (33), The 
ahilltXon of K, enjUL^ initiation complexes, JoviikhI at either 37 or b G, to 
eatniyne Liu; i'ovmation of W-£omyl-(3ll)-metliionyl."]uu*omycin at 37 and b C 


nrc shown In I'inurc 5» When Hiramyaln was added to initiation complexes 
which wove formed at 37 C and than a portion shifted to 3 c, the rates of 
h-£t>rmyl-( J )i)-iiicit:hionyl-jmfopiycin formation wore identical at 3/ and 5 C. 
However, initiation complexes which ware formed at 3 C had a much lower 
capacity to synthesise N-fomiyi-^H) -mctliionyl-puroraycin at 5 c than those 
which ware formed at 37 C. 3?he foilowinjj conclusions were drawn from thin 
experiment: (i) Significantly more complete and active 70 S initiation 

complexes wore formed in 15 minuter at 37 C than at 5 C; (ii) The rate of 
peptide bond formation, an measured by the rates of N-formyl-(3n)-mothionyl- 
puromycin formation, was not inhibited at 5 C, and; (ill) 70 S initiation 
comp lexer., which were formed at 37 C, did not lose their ability to catalyze 
the formation of N-formyl- (•*!!) -mothionyl-puromycin when shifted to 5 0. 



discuss in:; 

T.n n previous report (5) we invest Lifted Use affects of low temperature 
011 iii v *- vo ii vitro translation by K , coll and J\ j'lunrescon s and 
demonstrated that, niter shifts to 5 c, initiation of translation was in- 
hibited in R. cnl.i (but not in P. f lucre seen k ) resulting in polysome 
runoff and the accumulation of 70 S ribosomes, some of which wore 70 ;> 
nionosomes. T lie sc results were supportod by the results of other studies 
(1,6,7,11, 12 ,2R) . 

In the present comnuinl.cai.ion, v.v have tested initiation of translation 
directly and have demonstrated that although the rate of formation of a 
30 H initiation complex (detected on nitrocellulose filters) wan uninhibited 
at 5 C, the formation of 70 S initiation complexes was inhibited to a great 
extent at 5 C. The formation of an active 70 S initiation complex (i.e., 
capable of reacting with puromycin) depends on the formation of the proper 
30 s initiation complex, which contains GTl 1 , an AUG (mRNA) codon, M -formyl - 
mothionyl-trdlAj, a 30 S subunit, IF-1 and IF-?, (see reference 33 for a 
review). IF-3, which binds to 30 S subunits to the same extent at 37 and 
0 C (31), is released upon attachment, of the N-formy 1-mcthiony 1-URNAj; to 
ternary 30 S complexes (33), Labile 30 S complexes have been detected in 
the absence of all initiation factors (30 S : MS-2 complex, 29) and in the 
absence of IF-1 and IF -2 (IF-3: 30 S: MS-2RNA complex, 32) al: 0 (J. Studies 
are now underway in our laboratory Lo determine the composition of the. 30 S 
complexes which are formed and the fraction of these which arc able to 
interact with 50 S ribosomal subunits to form active 7U s initiation complexes 
at 5 C. 

The ijn vitro initiation studies also demonstrated that the. rate of 
formation of 70 S initiation complexes, capable of reacting with puromycin, 
was inhibited to a great extent at 5 C, and may be the rate limiting step 
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in translation at 5 C. During the formation of active 70 S initiation 
complexes at 37 C, the joining of the 50 S ribosome l subunit to the 30 S 
complex, in the presence of IF-l and IF-2, triggers GXP hydrolysis and the 
release d£ XI? -1 and IF-2 (3,^,9) » In the resulting complex, M-i'ormyl- 
mothiony L-tRNA in located at a site which corresponds to the post-trans- 
location stage (2,20), In the absence of II? -i or GXP hydrolysis, IF-2 
release does not occur, leading to the formation of "abortive" initiation 
complexes which arc unable to function in protein synthesis (3,4). Although 
GXP stimulates the rate of N-forniyl-mcthionyl-puromycin formation (14), the 
energy derived from GXP hydrolysis does not appear to ho required for 30 S 
initiation complexes, in the presence of 50 S subunits, to react with 
puromycln (10), Rather, it appears that the role of GXP in initiation, of 
translation is to increase the rate of initiation complex formation by 
increasing the affinity of IF-2 for 30 S ribosomes upon GXP hydrolysis, 

IF-2 is released from the initiation complex enabling N-formyl-methionyl- 
tRNA to interact with puromycln (2,10), Investigations arc now underway 
in our laboratory to determine the relative efficiencies of these inter- 
actions at low temperature. 

The experiments in which wo determined the rates of endogenous protein 
synthesis and polypheny ldlaninc synthesis by the 70 S ribosomes that 
accumulated at 5 C, indicate that 70 S monosomes were only a small fraction 
of the population of 70 S ribosomes that accumulated in E. coli at 5 C. 

This is supported by previous reports which demonstrated that most of the 
70 S ribosomes, isolated from E. coli after a shift from 37 to 5 C, were 
susceptible to high speed centrifugation-induced dissociation (5,0,11,15) 
and by the fact that the rate of formation of 70 S initiation complexes 
was inhibited at 5 C (sec data and discussion above). These data support 
the contention that the 70 S monosomes accumulated as a result of a partial 



Hi 

(but not complete) block of initial on of trana lotion. It seem:; reasonable 
to conclude that the small population of 70 8 monopomiui (dint accumulated 
in E, coll at 5 0 wore 70 }5 post -ini tint ion monosomes (l.o,, 70 f> monosomes: 
that had succeiisfully completed initiation of translation and were completing, 
the polypeptide chains coded for by their nascent inRNAc nt the time of their 
isolation) for the folio win g reasons: (1) l/iw temperature did not appear 

to cause a complete block of any step of initiation of translation (e.g,, 
even 70 S initiation complex formation wan able to proceed at a diminished 
rate at 5 C; (vi) The 70 ,9 monotonies wore capable of in vitro translation 
at temperatures ranging from 37 to 5 C (sec reference :>) , and; (ill) Poly- 
peptide elongation has been shown to proceed at predictable (from Arrhenius 
plots) rates nt 5 C (5,7,28). This Implies that the 70 8 tr.onosomo population 
per sc won a heterogeneous population of active monanomos nt different 
points along their respective wRNAs, each containing nascent polypeptides 
at various stages of completion. Net rates of i n vivo and in vitro poly- 
peptide synthesis by such a small percentage of the total ribosome population 
would be expected to be low and therefore, difficult to detect. 

At the present time we cannot exclude the possibility that the mRNAs 
associated with the monosomes were susceptible to endonucleolytic cleavage 
(1) and therefore, were unable to synthesize complete polypeptides ( i n vivo 
or itn vitro ) as efficiently as ribosomes in the polysome configuration. 
However, it may be that the integrity of the mRNA , which ‘was associated with 
the 70 8 mono some , was protected by the ribosome (24) or by increased 

mRNA stability (13,16) at 5 C. 

Ruscetti and Jacobson (24) demonstrated that 70 8 monosomes (i.c., 70 8 
ribosomes bound near one end of the mRNA strands, 17) accumulated in H. coll 
after a nutritional shift down. However, it was unclear what percentage of 
the total 70 S ribosome population were 70 S monosomes. It was suggested 


n 


that on inhibition at the level o JT initiation of translation, which rosultod 

in an increased 'dwell time" of newly bound ribosomes nt initiation sites, 

was tlie reason for 70 R mononomo accumulation under these conditions, 

A general nclsono for the cffacts of n low temperature shift of the 

£.• translation system emerges from the results presented j *■* this paper 

and from the data which has accumulated in the literature (see figure 6). 

Shifting R, co li from 37 C to low temperature results in polysome runoff and 

the accumulation of 70 S ribosomes. This In supported by the low temperature 

previously reported results (5,0,7) and by the model for the ribosome cycle 

proposed by navis (0). The 70 S ribosomes which accumulate at 5 c arc in 

equilibrium with free ribonomaL subunits (reaction 2), This is also supported 

by the polysome profiles from low temperature incubated K, coli presented 

by others (0,7,11). IF-’3 is able to interact with 30 5 subunits (reaction 3) 

nt temperatures as lov? as 0 C (31), leading to the formation of "native 

« 

subunits" (8,12). However, the majority of evidence, indicates that the 
equilibrium (reactions 2 and 4) of the ribosome population at low temperature 
is shifted toward free 70 fl ribosomes (sensitive to dissociation during high 
speed centrifugation (5,6,7,26). The rote of formation of 30 [i initiation 
complexes is uninhibited at low temperature. However, although the formation 
of these complexes it' 5 C is dependent on tlie presence of H-fonuy 1-methiony 1- 
LRNAf, initiation factors, ribosomes, and a source of initiation (AUG) codons, 
and, although 70 8 initiation complexes are formed at a slow rate at. 5 G 
(see data above), it is not clear at the present time whether the rate of 
"active" 30 S initiation complex formation is inhibited nt low temperature 
(i.c,, reactions 5 *1- 6). Therefore, this model predicts that initiation 
proceeds normally at lov/ temperature, at least through reaction 5. Since 
tlie rate of formation of 70 S initiation complexes, able to react vith 
puromycin, proceeds very slowly at 5 C> this model proposes two possible 


nitco for 1.1 10 low tampuratuo inhibition or i.rnnnJ.ntion : (i) on inhibition 

of uho rate oJI formation of "active" 30 s initiation eor.iploucn .rota 30 a 
initiation complexes Intermediates (t.c., reaction 0), or; (ii) cJocrensod 
abilities of T.F-1, Xl?-2, GTP (hydrolysis) , (and) or 30 g subunits to 
interact properly with 30 0 initiation complexes to form 70 G initiation ' 
complexes (monosomea, i.o,, reaction 7). The fact that some 70 R init- 
iation complexes, able to react with puror.iyciu, form at low’ temperature 
(coa figure ?,-D), Indicates that initiation is not completely blocked ut 
low temperature, and allows for the formation of 70 S initiation complexes 
(nonosomcp). Particles which successfully complete initiation nt S C 
(reactions 5-0) are able to coroplcLe rounds of polypeptide elongation 
(reaction 9) at low temperature (5) due to the fact that elongation is not 

i 

inhibited to the extent that initiation iu inhibited at low temperature (1, 
5,7,12,23). Upon relcaac of the complete (or incomplete, if mllilA degradation 
occurs, < polypeptide, the relcaaed ribosomes return (by reaction 10) to 
the (low temperature equilibrated) ribosome pool (3). 
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Table 2. The effect of temperature on the ApUpG, HS-2 RNA, and KCIE>-'!S-2 RIlA a directed blndlns ox 
N-fomyl-( 3 H)-nethionyl-tRIiA f to ribosomes; filter binding assay. 
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. IiU‘i)t*ii<aMLion of li-formyl- (Ml) -methionine Into protein at: 34 and 
5 0, Reaction mixtures (!UO , ; l, described in Materials mvl 
Methods) were. incubated at 34 c, and, after 3 minuter., a portion 
of the reaction mixture wan shifted to 5 0, Sampler (3 mi) were 
taken it, the indicated times from the 34 C (*) and 5 C (o) 
incubated reaction mixtures and the amount of N-formyl-C'Ml)" 
methionine incorporated into protein determined no described 
in Materials and McLhods, 

, Kinetics of formaldehyde treated MS-3 RMA or ApUpG directed 
initiation complex formation at 37 and 3 C. Reaction mixtures 
(50 >i 1 ) which contained 50 pmolon ;.-Cormyl-(3ll)“metliionyl-ttKIfA[i 
0,3 nmoles Trin -GIT , 150 ,,e. crude initiation factors, 2% Rlveeret, 

50 ml 1 Tris-HCl pH 7.4, 150 ntft UII/,Cl , 3.5 mil Mr.(OAc),,, 6 mM 2-mov- 
captoetlianoJ, 1 A2G0 writs ribosomes (panels A & H) or 0,5 A^q 
units 30 s subunits (panel 0) and 20 ,,?» formaldehyde treated 
MS-?, UNA (panel A) or 0.05 A260 units ApUpG (panels II A G) 
were Incubated at 37 or 3 G, At the times indicated samples 
(5 ml) were added to 2 ml ice cold buffer A, filtered onto 
nitrocellulose filters and the amount of filter-bound N-formyl- 
(Ml) -mothiot.yl -tRHAf retained on filters determined as described 
in Materials and Methods. Symbols! 37 0 ( 0 ); 3 C (0); control reac- 
tion mixture, were incubated in the absence of ApUpG at 37 or 5 (A). 

, Sucrose gradient analysis of formaldehyde treated MS-? IU1A 
directed initiation comp lex formation at: 37 and 5 G. Reaction 
mixtures (100 ,,!•), similar to those described in the, le.Rcnd for 
fiRuro panel A, we,rc incubated at 37 C for 0 minutes (panel 
A) and 15 minutes (panel 11) or at 5 C lor l hour (panel c). 

They worn then fixed with Riutarnldobyde, layered on 15-30'/, sucrose 
Gradients, and centrifupod .at 40,000 vpm for (1 hours in a RW 4B 
rotor. The, contents of each Gradients were monitored at 200 nm, 
fractionated, and the. radioactivity in each fraction determined 
as described in Materials and Methods. 

. Sucrose Gradient analysis of ApUpG directed initiation complex 
formation at 37 and 5 G. Reaction mixtures (100 ,.,1) similar 
to those described in the lcRcnd for fip.urc 2, panel. 11, were 
incubated at 37 C for 0 minutes (panel A), 5 minutes (panel 3) 
and 15 minutes (panel C) and at 5 G Car 0 minutes (panel D) , 

15 minutes (panel E) and GO minutes (panel F) . They were then 
fixed with p.lutaraldohyde and processed an described In the 
lcRCiwl for f lRitre 3, 

. Synthesis of N-formyl- (*Ml) -metlviony T -puromycin by initiation 
complexes formed at 37 and 5 C, initiation complexes were pre- 
pared by incubation reaction mixtures, identical to those des- 
cribed in the lop, end for f inure 2 panel 11 , at 37 C Cor 1,5 minutes. 

After chilling on ice for Z minutes, puromycin GOuf) wan added 
to each and the reactions were returned 3/ ( 0 ) or 5 C (0). At 
the times indicated samples (8 |,1) were added to 1 mi of 0.1 M 


» kaqe is 
U1 POOR quality 


V5 


r, odium acotnto pH 5.5 nn i the .mount of I!-]nriiyl-(3l[)-methini)yl- 
iHiL'omycin determined nr; do scribed in Untori.ilrs and i;athodn . A 
nimiinr experiment wan -lone in which inlb lotion comp lr, or wore 
prepared (i.c, iron at ion nixturoo incubated lor 15 minuter.) at 
5 C, chilled, puromyciu added, the react. inn returned to 5 U, 
nod ll-iomy 1 -(3|l)“rwthionyl-puromycin formation io flowed an 
dcncribcd above (A). 

Fifjtiro G. A general /scheme which deplcta the effect of n low temperature 
/shift on Lite M, coLi urn nr. lotion oy/stom. 
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Figure 6 



